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University of Ljubljana, Faculty of Civil and Geodetic Engineering 
Slovenia  
1. Introduction 
The first research of the stability in the Krško plain was carried out in the period 1964–1969, 
when the area was chosen as the potential location for a nuclear power plant. The 
foundation stone for the Krško Nuclear Power Plant (NEK) was laid on December 1, 1974. In 
January 1984 NEK acquired the full operation permit. NEK has been in commercial 
operation for more than 20 years. Regarding the standards of nuclear safety and stability, 
NEK is today in the top 25% of operational nuclear power plants in the world. The Krško 
Nuclear Power Plant is of strategic importance for the Republic of Slovenia, producing 
electricity for users in Slovenia and Croatia. High level of security is of high importance; 
therefore, a comprehensive supervision of structures is carried out. A special attention is 
paid to the security systems, including the measurements of vertical displacements of 
benchmarks and measurements of horizontal displacements of the dam on the Sava River. 
Periodic geodetic observations are carried out on important technological structures 
comprising the nuclear island, the Sava River dam and the nuclear waste storage.  
Since local stability of the Krško nuclear power plant is very important, several research 
works were conducted to test the stability of the Krško region. Based on the Project of 
permanent observations of tectonic movements in the surroundings of the Nuclear Power 
Plant Krško and geological researches of crustral movements along the Orlica fault in Krško 
region the micro network Libna was established. The intention of the network was to 
determine the horizontal crustal movements along the Orlica fault. The points of the net 
were stabilized in 1998, when also the zero measurement was realised.  
Several epochs of measurements in both micro networks Krško and Libna were made. After 
a careful analysis and quality estimation of single epochs, the displacements were estimated 
and the accuracy of estimating the two-epoch displacements was calculated. We proposed 
original method, where simulations of an actual probability distribution function are 
determined, providing the basis for calculating the right critical value at a chosen 
significance level. In this way, statistically significant point displacements can be 
determined far more accurately. When assessing point displacements, the information on 
the actual risk of making an error when rejecting the true null hypothesis is very useful and 
the calculation of this value is advisable. Based on the assumption that the distribution 
function is established in detail, the suggested test statistic is simple and fits for day-to-day 
use as well as refers to the first estimation of the geodetic network.  
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2. Determination of point displacements in the geodetic network 
2.1 Single epoch processing 
For the identification of point displacement by geodetic observations, the reference points 
need to be chosen. Characteristic points on the object are tested for displacements. 
According to the required accuracy of point displacement determination, the observations 
must be carried out carefully with proper tools while following standard observational 
rules. The observations in the geodetic network are adjusted and the network quality 
estimated.  
Importantly, in networks for displacement identification network quality estimation is 
carried out prior to the measurements examining the accuracy, reliability and sensitivity of 
setting up a network. More details about network quality estimation can be found in 
Caspary (2000). For the identification of displacements, network reliability and sensitivity 
are of primary importance. Thus, great effort must be made in detecting the presence of 
undisclosed gross errors. In the planning and optimization phase, the sensitivity of 
observations needs to be enabled, thereby increasing the probability of detecting outliers.  
2.1.1 Free network adjustment 
In deformation analysis single epochs are usually adjusted as free networks. In this way the 
best linear unbiased estimation of the unknowns and independence of test statistic 
regarding the chosen network datum is enabled. 
Observations of each epoch measurement individually have to be adjusted as free network 
with minimum trace of the matrix of coordinate point correction factors, as it is valid for 
other procedures of deformation analysis. This means that not only the sum of the squares 
of the weighted residuals .minT iii vPv  has to be minimal, but also the sum of the squares 
of unknowns .minˆˆ T ii xx . Index i  defines the epoch measurement. Previous epoch 
measurement is carried out in time 1t , and the current in time 2t . Of course, the orientation 
unknowns have to be removed by reducing the unknowns in the observation equations. 
Also any possible unknown due to the factor of network scale has to be reduced (Van 
Mierlo, 1978). If the number of network points in epoch measurement 1t  differs from those 
in epoch measurement 2t , the coordinate unknowns of non-identical points are eliminated 
by the S-transformation (Van Mierlo, 1978). 
2.1.2 Detection and elimination of outliers 
A well projected network for displacement detection should enable a high degree of 
detection and elimination of gross errors in observations as well as minimize the effect of 
potentially undetected outliers influencing the unknowns. Testing the relation between the a 
posteriori variance 20ˆ  and the a priori reference variance 20  is called the global model 
hypothesis testing. At the same time, the presence of gross error observations in the network 
is tested, which is in turn possible only by having a reliable knowledge of the a priori 
reference variance. In case of incongruence between the observations and the model in the 
course of the global testing, the Baarda’s Data Snooping method for examination, detection 
and elimination of outliers in observations is introduced. The Pope’s Data Screening 
approach or the Danish approach is used when the a priori reference variance is not reliably 
known.  
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2.1.3 S-transformation 
In the deformation analysis based on geodetic measurements conducted in different epoch 
moments the occurring point displacements and deformations of the physical surface of the 
earth are detected and defined using methods of statistical analysis. Of course, the point 
displacements can only be detected and defined at identical points. If not all points in the 
epoch measurements are identical, the non-identical points shall be eliminated. This can be 
done by the S-transformation of an individual epoch measurement into the datum of 
identical points. The S-transformation can also be used if the transformation of the results of 
adjustment from one datum to another is required.  
In order to transform the vector of unknowns and the cofactor matrix from datum A to a 
newly selected datum B, the vector of unknowns and the cofactor matrix are calculated 
using the following equations (without derivation; for derivation see Caspary, 2000, Mierlo, 
1978): 
 ABB ˆˆ xSx    (1) 
 TBˆˆBˆˆ AB SQSQ xxxx  ,  (2) 
where: 
Axˆ , AˆˆxxQ  are the vector of unknowns and the cofactor matrix in datum A, 
Bxˆ , BˆˆxxQ  are the vector of unknowns and the cofactor matrix in datum B, 
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T
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  is the S-transformation matrix, with the weakness that the inverse 
matrix 1B
T
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 GGN  of the order uu  has to be calculated, which is why it is more 
appropriate to use the form B
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B
T
B )( GBGBES
 , where only the inverse matrix of the 
order dd has to be calculated, which is a significant advantage, 
NNQN xx Bˆˆ  is the matrix of normal equations, 
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 kk xc  and kk yc , mk ,...,1 , (8) 
where: 
m  is the number of all points, 
BE  is the datum matrix of datum B. 
In order to transform the results of the free network adjustment to a network defined with 
the newly selected points, these networks have to be entered into the datum matrix at the 
places where the unknowns of the selected points, ones (

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transformation yields the solution (vector of unknowns), which minimizes the partial norm 
2
ˆ
kx  of k  unknowns of the newly selected points. The sum of adequate k variances also 
reaches the minimum, i.e. the partial trace of the cofactor matrix of coordinate difference of 
the newly selected points 
kxx
Q ˆˆ  is minimal. 
2.2 Testing statistical significance of displacements 
The basis for displacement determination of a man-made object or any given object on the 
surface of the earth is to identify the displacements of characteristic points of an object. The 
points comprise networks, which are monitored in time intervals called epochs, set out in 
advance. The point displacements between two epochs can be inferred only from identical 
points, measured in two epochs. However the points are often damaged or they have to be 
included into the network due to changes of circumstances. Non-identical points are 
eliminated in the adjustment procedure or with S-transformation. More details about the 
procedure can be found in Mierlo (1978). After the two-epoch adjustment the point 
displacements and their standard deviations are estimated.  
2.3 Displacement estimation and displacement accuracy estimation 
In geodetic networks it is essential that both displacement and its standard deviation are 
determined. If the estimated displacements are several times the size of the displacement 
standard deviations, the most probable displacements can be inferred from the differences 
in point positions. In addition to determining the magnitude and direction of the 
displacements, the hypothesis testing for the displacement is also necessary. Consequently, 
these corresponding calculations must be performed. 
Point displacements are determined on the basis of comparing point coordinates in two 
epochs. Let us assume the point coordinates ),( xyT  in a plane and time t  and tt  . We 
assume that the coordinates in time t  are not correlated with the coordinates in time tt  .  
In order to calculate the estimation accuracy of point displacements, the covariance matrix 
of point coordinates for respective epochs must be known. ),( ttt xyT  represents the position 
of point T  in time t , tΣ  is the corresponding covariance matrix, and ),( tttttt xyT   
represents the coordinates of point T  in time tt   with the corresponding covariance 
matrix tt Σ . This can be expressed as 
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The covariance matrix of coordinates of identical points tt xy  , , tttt xy   ,  can be written as 
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The displacement of point T  may be evaluated as 
    2222 tttttt xxyyxyd   . (11) 
Further on, the displacement variance is determined by 
 TdTTdd ttt JΣJ 2 ,  (12) 
where the Jacobi matrix dJ  equals: 
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By inserting Equations (10) and (13) into Equation (12) we get the representation for 
displacement variance of point T  
       ,      2 2222222
tttttttttttt xxxyxyyyd d
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that is used for testing displacements by a test statistics given in Equation (15) and described 
in the next section. 
2.4 Distribution function of test statistic by simulations 
After adjusting at least two epochs it is possible to determine the displacement of point d  
according to Equation (11) and standard deviation of displacement d  according to 
Equation (14). Since these two parameters can be calculated prior to a detailed deformation 
analysis, they are rightly used in the statistical testing.  
When estimating displacements, the test statistic is often calculated as: 
 
d
d
T   (15) 
and compared to the critical value according to the chosen significance level  . Point 
displacements are established with an appropriate probability only when the displacements 
are significantly larger than the estimation accuracy of displacements.  
Assuming that the errors of observations are distributed normally ),0(~ 2 N , then the 
parameters being the linear functions of the observations ),(~ˆ 2ˆˆ xxx N  are distributed 
normally as well. The point displacement is calculated with Equation (11). Since y  and x  
are calculated as the difference of two normally distributed random unknowns, y  and x  
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are distributed normally, too. This, however, is not the case for the point displacement d , 
which is a nonlinear function of y  and x . Consequently, it is difficult to analytically 
determine the form and the type of the distribution of the test statistic (15). The distribution 
function for the discussed test statistic is therefore determined by simulations, see 
Rubinstein (1981). 
The coordinate differences y  and x  are normally distributed random variables with 
variance-covariance matrix as follows: 
  2
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The standard deviations of coordinate differences in two epochs are calculated as 
 2 2 2 2,   
t t t t t ty y y x x x
           ,  (17) 
where 2222 ,,,
tttttt xxyy    are coordinate variances of tttttt xxyy  ,,, . The covariance is 
calculated as: 
 
tttttt xyxyxy   , (18) 
where 
ttxy
  and 
tttt xy   are covariances of the coordinates in both epochs. 
To generate the sample of the normally distributed random variables, the Box and Müller 
approach was applied (Box & Müller, 1985; Press et al., 1992). The basic idea of generating a 
sample of dependent normally distributed random variables is to generate a sample of 
independent normally distributed random variables and then use a linear transformation to 
obtain a sample of dependent random variables. Let us assume that iu1  and niu i ,...,1  ,2   
are samples of two independent and uniformly distributed random variables 1U  and 2U , 
and n is the number of simulations. The sample of two independent normally distributed 
random variables 1Z  and 2Z  is calculated as follows: 
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To generate a sample of dependent normally distributed random variables, a linear 
transformation is needed. The variance-covariance matrix Σ  is decomposed by Cholesky 
decomposition  
 UUΣ T .  (20) 
In our caseU  takes the following form 
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For the transformation of a sample of independent normally distributed random variables to 
a sample of dependent random variables the linear transformation  
 i
T
i zUy  , ni ,...,1   (22) 
is used. 
In our case the coordinate differences are generated by the following equations 
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where it is assumed that the means of y  and x  are zero ( 0  xy  ) and ni ,...,1  . 
The standard deviations of point coordinates in respective epochs vary from point to point. 
Therefore, the distribution function of the test statistic (15) takes on a different form for each 
point in each of the two epochs. By using the simulated normally distributed random 
variables (23), d  is calculated using equation (11) and d  using equation (14). 
Consequently, in n simulations this procedure allows us to determine the empirical 
cumulative probability distribution function of the test statistic (15) for individual points. 
2.4.1 Critical value critT  and actual risk T  
Critical value critT  and actual risk T  are determined from the obtained empirical 
cumulative distribution function by the following procedure  (Savšek-Safić et al., 2006): 
1. generate coordinate differences ii xy    , ; ni ,...,1 ; Equation (23) 
2. calculate displacement id ; Equation (11), its standard deviation id ; Equation (14) and 
test statistic iT ; ni ,...,1 ; Equation (15) 
3. form empirical cumulative probability distribution function *TF  by sorting iT ; n
i
TF iT )(* ; 
1 ii TT  
4. determine critical value critT  from 
*
TF :  1    crit i nT T     or 
5. determine actual risk T  from *TF : n
i
T  1  for such i that TTi min . 
 
The test statistic is then tested according to the given null hypothesis and its alternative 
hypothesis: 
0  :0 dH ; the point is stable between two epochs, and 
0 :  dH a ; the point has changed its position. 
The test statistic (15) is compared to the critical value acquired from empirical cumulative 
distribution function. If the test statistic value is smaller than the critical value at a chosen 
significance level  , then the risk of rejecting the true null hypothesis is too high. 
Accordingly, it is established that the displacement is not statistically significant. If the test 
statistic value exceeds the critical value, the risk of rejecting the true null hypothesis is lower 
than the chosen significance level  . Therefore, the null hypothesis is rightly rejected and 
the statistical significance of the displacement is thereby confirmed.  
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This decision is supported by calculating the actual risk T  of rejecting the true null 
hypothesis (the probability of committing Type I Error). Two possibilities are examined: 
 critTT   i.e.  T : the null hypothesis is rejected; the point displacement is 
statistically significant and 
 critTT   i.e.  T : the null hypothesis is not rejected; the point displacement is 
statistically insignificant. 
Regarding the actual risk and the consequences of making a wrong decision, it is up to the 
user to decide upon the risk level of acceptability. As a consequence, a point is considered as 
stable or displaced.  
3. Significant displacement testing in a test network 
3.1 The network shape 
3.1.1 The Krško network  
The Sava River dam was built to ensure the minimum Sava River water level and thus enable 
the water pumping for cooling. The dam has six 15 m wide spillways. To ensure earthquake 
stability the dam is split into two large concrete frame structures. The structure height is 15.5 
m and is therefore considered as large dam according to international standards, and needs 
to be technically monitored. 7 control points have been stabilised on the dam to determine 
horizontal displacements. Along the outlet, there were 5 reference observation points 
stabilised with concrete pillars (Figure 4). 
3.1.2 The Libna network  
The Libna network is classical terrestrial trigonometric net applied for the determination of 
local horizontal stability along the Orlica fault. The network's shape is that of an irregular 
pentangle with five circumferential points, where point 6 is a linking point amplifying the 
network reliability (Figure 6). The points represent the geometrical basis for determining the 
positions of four ground points defined on the basis of geologic situation. Basically, the 
ground points are ex-centre points of four points of the net.  
The network size is described by indicating the area of the circumferential points of a 
polygon, amounting to approx. 4.27 ha. The longest length in the network is 385 m, the 
shortest length is less than 40 m. The network of the town of Libna in the vicinity of Krško 
was set up to determine point stability at the Orlica fault.  
3.2 Stabilization of the ground points 
3.2.1 The Krško network  
The reference points of the base network for the performance of measurements are stabilised 
with concrete pillars, representing the conventional stabilisation of geodetic points for 
deformation measurements. The chosen stabilisation enables forced centring of the 
instrument and the reflector – Leica Wild system.  
The stabilisation of control points on the dam also enables forced centring of the reflector – 
Leica Wild system. The control points were screwed into the concrete base, where the 
footplate can be fitted with the prism mount, which, in turn, enables horizontal alignment. 
Figure 1 shows the stabilisation and signalisation of the reference and control points.  
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Fig. 1. Stabilisation and signalisation of the reference and control points 
3.2.2 The Libna network  
The measuring points were determined by a set of two physically stabilised points. The 
measuring points, onto which the reflector was forced-centred, presented the points 
monitored for displacements. In all measurement epochs we used the same reflectors - Kern 
ME 5000. All the measurements were carried out on the points that were – according to the 
reference measuring points – set up ex-centrally. The term ex-central stand was introduced. 
The distance from the ex-centre to the centre point was 10 – 20 m (Figure 2). 
The reference points were stabilised by combining the methods described above (Figure 3). 
However, the implementation was simplified and the costs were lower. A mass-produced 
concrete tube with Φ = 0.25 m in diameter and 1 m length was used. A hole of the same 
diameter was drilled into the pillar, and a concrete tube was put into the hole. The tube was 
filled in with concrete and a device for forced-centring was built in. The cylinder top was 
covered with a mass-produced cover for full protection. 
 
 
Fig. 2. Ground stabilisation of the centre and the ex-central stand 
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Fig. 3. Signalisation of the centre and the ex-central stand 
The instrument stand was stabilised with the usual ground stabilisation by means of a 
concrete square stone with a built-in plug. Above the instrument stand, a tripod was set-up, 
centred and levelled. The centring accuracy did not influence the end results, since the co-
ordinates of the measuring point onto which the reflector was forced-centred were of crucial 
importance, not the co-ordinates of the instrument stand. However, the tripod's stability 
during the measurements was essential. 
The procedure of ensuring the appropriate network geometry and required precision for the 
determination of the horizontal coordinates of points in this way is theoretically and 
practically described in the article (Kogoj, 2004).  
3.3 History of measurements and measuring accuracy 
3.3.1 The Krško network  
Due to the changed measuring instrument, in 2004 also the method of measurements based 
on simulation of observations was changed in the combined Krško micro network. We chose 
a combination of triangulation and trilateration, which provides a larger number of 
redundant observations. Since periodic measurements of the dam are foreseen twice a year 
(in spring and in autumn), so far 14 independent measurements have been conducted. 
In the Krško micro trigonometric network the classic terrestrial surveying was chosen. The 
measurements were performed with the precision of electronic total station Leica Geosystems 
TC2003 intended for precise angle and distance measurements in precision terrestrial 
geodetic networks (Savšek-Safić et al., 2007). Measuring accuracy for angle measurements is 
DIN18723-Theo (Hz-V) = 0.5" and for distance measurements S : 1 mm; 1 ppm. Forced centring of 
the instrument, signalisation of measuring points and measurement of meteorological 
parameters were performed by tested and calibrated supplementary equipment (reflectors, 
footplate with reflector mounts, psychrometer, barometer). The first measurement in 2009 
was due to changed instrument performed by precise electronic tachymeter Leica Geosystems 
TCRP 1201. Measuring accuracy for angle measurements is DIN18723-Theo (Hz-V) = 1.0" and for 
distance measurements S : 2 mm; 2 ppm. In the same year we bought the most advanced 
electronic tachymeter by the manufacturer Leica Geosystems TS30, with which we performed 
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the last three measurements. The measuring accuracy for angle measurements is DIN18723-Theo 
(Hz-V) = 0.5" and for distance measurements S : 0,6 mm; 1 ppm. 
The measuring accuracy was determined on the basis of Ebner' s method of the a–posteriori 
weight determination (Vodopivec & Kogoj, 1997). The results included position accuracy 
and are given in Table 1.  
 
Epoch σa [''] σs [mm] 
August 2004 1.51 0.33 
December 2004 1.89 0.23 
August 2005 1.35 0.32 
November 2005 2.96 0.37 
July 2006 2.34 0.40 
November 2006 1.23 0.15 
May 2007 1.71 0.23 
October 2007 2.05 0.32 
April 2008 1.88 0.43 
September 2008 1.60 0.37 
May 2009 0.53 0.21 
September 2009 0.80 0.27 
May 2010 0.48 0.27 
October 2010 0.53 0.10 
Table 1. Measuring accuracy achieved in the Krško network 
3.3.2 The Libna network 
The Libna network was stabilised in 1998. So far, we have realised seven measurement 
epochs.  
To determine horizontal coordinates of the net points, we used the combination of angle and 
distance measurements. The measuring method was a combination of triangulation and 
trilateration. In each epoch we realised measurements on all eccetrical stands.  
We used the best instrumentation available. For the first six measuring epochs Electronic 
theodolite Kern E2 was used for angle measurements. The instrument is one of the first most 
precise electronic theodolites of the first generation. Its construction and accuracy stability is 
excellent. The measuring accuracy defined on DIN standard procedure is DIN18723-Theo (Hz-V) = 
0.5" For distance measurements we used precise distancemeter Kern Mekometer ME 5000. 
This instrument was constructed in the 1980's but it has been so far considered as the most 
precise geodetic electrooptical distance meter in series production. Measuring accuracy is 
S : 0.2 mm; 0.2 ppm.  
In last two measuring epochs electronic total station Leica Geosystems TC2003 was used. This 
instrument is designed for the most precise angle and distance measurements. With the 
selected additional accessories the highest accuracy can be achieved. The measuring 
accuracy for angle measurements is DIN18723-Theo (Hz-V) = 0.5" and for distance measurements 
S : 1 mm; 1 ppm. 
For temperature and humidity measurements we used 2 precise psyhrometers, and for air 
pressure measurements we used digital barometer Paroscientific, model 760-16B.  
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Similar as in the Krško network, the measuring accuracy was determined on the basis of 
Ebner's method of the a–posteriori weight determination (Vodopivec & Kogoj, 1997). The 
results included position accuracy and are given in Table 2.  
 
Epoch σa [''] σs [mm] 
November 1998 1.03 0.45 
December 1999 0.53 0.23 
December 2000 0.62 0.52 
November 2001 1.81 0.60 
March 2003 0.94 0.72 
April 2005 1.09 0.31 
February 2008 3.30 0.62 
Table 2. Measuring accuracy achieved in the Libna network 
3.4 Determination of point displacements 
3.4.1 The Krško network  
3.4.1.1 The adjustment 
The geodetic datum of the horizontal network was determined by two given assumingly 
stable points – reference points O1 and O5. To preserve the identical network geometry, as 
well as measurement and observation methods, the reference points were first tested for 
stability. The comparison of changes in coordinates between the last campaigns indicated 
that pillars O1 and O5 were statistically stable. In this way, the determination of the datum 
in the network enabled us to determine the statistically significant displacements of control 
points with a higher probability (Savšek-Safić et al., 2007).  
The horizontal coordinates were calculated into the existing local co-ordinate system of the 
network to the level of the lowest point (reference point O4). The observations were tested 
for the potential presence of gross error, following the Danish method. The input data for 
the horizontal adjustment were the reduced averages of three sets of angles and the slope 
distances reduced to the chosen level. The reduction of distances took into account the 
instrumental, meteorological, geometric and projection corrections (Kogoj, 2005). The zenith 
angles were observed to establish the height stability of the reference and control points. The 
observations in the horizontal network were adjusted following the method of indirect 
observations. First, the adjustment of the free network was performed, which gave us an 
unbiased estimate of observations (Figure 4). Then the S-transformation was used, where 
the geodetic datum was determined by two statistically stable reference points O1 and O5. 
The results of the horizontal adjustment are the most probable values of horizontal 
coordinates of measuring points in the local system with the corresponding accuracy 
estimates.  
3.4.1.2 The displacements 
In the area of NEK the horizontal stability of the Sava River dam was investigated based on 
fourteen consecutive epochs. In December 2003, the transition to a new way of 
measurements (measurement method, instrument, network geometry) and the 
determination of a new geodetic datum in the micro network of Krško enabled a higher 
reliability of the determination of statistically significant displacements. Based on an expert 
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geological opinion we decided that the geodetic datum in the Krško network would be 
represented by two assumingly most stable reference points O1 and O5.  
 
 
Fig. 4. Position accuracy for single epochs – Helmerts error ellipses - free net adjustment of 
the Krško network  
After the adjustment of at least two epochs, it was possible to determine the displacement of 
point d  and displacement variance 2d . The probability function for the test statistic (15) 
was determined empirically with simulations, and then compared to the critical value 
considering the chosen significance level  . Displacements could be identified as 
statistically significant according to the distribution of test statistic and chosen significance 
level  . If the test statistic was smaller than the critical value at the chosen significance level 
 , we assumed that the displacement was statistically insignificant. If the test statistic is 
higher than the critical value, the hypothesis was justifiably rejected and we could confirm 
the statistical significance of the displacement. In Figure 5 the regression coefficient defines 
the displacement velocity in meters per day with transformation S on points O1 and O5. 
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Fig. 5. The displacements of control point H3 in the directions of coordinate axes with the 
belonging standard deviations in time.  
The time line of horizontal displacements of points on the Sava River dam was represented 
with the displacements of control points and the corresponding relative displacement 
ellipsoids referring to the two-epoch displacements. The relative displacement ellipsoids are 
calculated from the point determination accuracy in a single epoch. 
3.4.2 The Libna network  
3.4.2.1 The adjustment 
For the adjustment we need mean values of six sets measured in horizontal directions. In 
each epoch a priori statistical analyses was made for the elimination of gross errors and for 
the computation of measuring accuracy.  
The horizontal coordinates of net points are determined on the local level. We considered 
meteorological, geometrical and projectional reductions of measured distances (Kogoj, 
2005). On the basis of measuring differences in both directions we also estimated the 
accuracy of the distances.  
In zero epoch measurement the local datum of the net was determined. The orientation of 
the coordinate axes is nearly parallel with the Slovenian national Gauß-Krüger coordinate 
system.  
The adjusted coordinates of ground points A, B C and D of zero epoch in 1998 are 
approximate coordinates for all other epochs. The definitive coordinates of points A, B, C 
and D for each epoch were determined on the basis of the adjustment process. We supposed 
that the accuracy of horizontal directions was the same for each instrumental standing point. 
The distances in the net were short. Based on this, we should determine the weights of the 
distances on the basis of only the constant part of the error. We always used the software 
GEM4 for simultaneous angle and distances network adjustment. The final results were the 
horizontal coordinates of the net points and the accuracy estimation (elements of error 
ellipses).  
First we adjusted the net as a free network for all epochs. Based on the results we analysed 
the measuring accuracy and the position accuracy of the net points. The reason for this is 
that free network adjustment gives the most objective results of measuring accuracy because 
there is no influence of the datum parameter. 
The following Figure 6 shows the size of the semi-major axis of the error ellipses (worst 
case), obtained in each epoch. Comparison of the absolute values of the ellipses is due to 
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high precision level questionable. The increase in value from 0.2 mm to 0.3 mm means a loss 
of numerical precision of about 50%. From geodetic point of view we know that between 
these values there are practically no differences! 
 
 
Fig. 6. Position accuracy for single epochs – Helmerts error ellipses - free net adjustment of 
the Libna network  
3.4.2.2 The displacements 
The main problem in the displacement determination process is the choice of stable points. 
The defect of the geodetic datum was 3, so we needed at least one and a half given points. 
On the basis of geological situation there were two logical possibilities. We could choose 
points A and B or C and D. 
The differences of the coordinate values of points A and B between single epochs were 
minimal. We once again adjusted each epoch on four different datums of the net. The main 
conclusions, based on the results, are:  
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 the size of proven displacements on points C and D are practical invariants on the 
datum of the net based on points A and B, 
 from the aspect of minimal influence of the accuracy of given points on the final 
parameters of displacement vectors the best choice is the determination of the datum 
based on the S-transformation. 
We used our own software Premik. The elements of the displacement vectors for all epochs 
combinations were calculated.  
In further analyses we computed the displacement velocity. The displacement velocities of 
points C and D in y and x directions with standard deviations determined on the basis of the 
S-transformation on points A and B are computed on the basis of linear regression analyses. 
We used the same procedure also for the determination of the datum on the basis of points 
C and D. In Figure 7 the regression coefficient defines the displacement velocity in meters 
per day with the S-transformation on points C and D. 
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Fig. 7. The displacements of points A and B in the directions of coordinate axes with the 
belonging standard deviations in time.  
4. Conclusion 
A contractor of geodetic works is expected to present not only data on point displacements, 
but also to provide assurance in terms of the quality of displacement estimation. In addition 
to the assumed null hypothesis 0:0 dH  and the chosen significance level  , the actual 
risk of rejecting the true null hypothesis is crucial. The participation of the commissioning 
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party in the process of evaluating the estimated displacements is highly recommended. The 
decision upon risk acceptability is then in the hands of the commissioner.  
The Sava River dam has a specific place among the NEK buildings, since it is subjected to 
the great force of the Sava River flow and to the differences in filling and emptying of the 
reservoir, i.e. the difference between high flow and low flow. Periodically larger 
displacements of the entire dam are to be expected. 
The Libna network was stabilised in such way that two points are located on one and two 
points on the other side of the fault. The purpose of several years of continuous 
measurements was to determine tectonic activities of the fault in question. 
Due to expected small displacements in both networks we were mainly focused on:  
 precise ground stabilisation (example Libna) or concrete observation pillars (example 
Krško), which allows forced centering of the instrument or reflector; 
 use of precise measuring instruments and additional measuring equipment; 
 meeting the condition of as large number of redundant observations as possible to 
assure quality measurements and results; 
 consideration of all influences on the measured quantities; 
 analysis of the precision of measurements and detection of any major errors (outliers) in 
the measurements; 
 transformation of adjusted coordinate points into geodetic datum of assumingly stable 
points, where the displacement of other points can be measured.  
As shown, test statistic (15) along with the empirical cumulative distribution function is 
appropriate tools for testing the significance of point displacements in a geodetic network. 
Since the displacement and its respective accuracy are acquired by a simple method, the 
suggested procedure is appropriate and provides good results that furnish a good first 
estimate of the situation in the discussed network. The test example illustrates that the 
estimation of displacement significance is directly dependent upon the critical value at a 
chosen significance level  . Accurate displacement estimation is achieved only if the critical 
value is determined according to the actual distribution function of the test statistic. Having 
in mind the difficulty level of the assignment and its consequences, the decision must be 
made whether there is the need for a detailed deformation analysis to be carried out using 
one of the known approaches.  
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